Extreme climatic events can substantially affect organismal performance and Darwinian fitness. In April 2011, a strong heat wave struck extensive geographical areas of the world, including Western Europe. At that time, we happened to resume and extend a long-term time series of seasonal genetic data in the widespread fly Drosophila subobscura, which provided a unique opportunity to quantify the intensity of the genetic perturbation caused by the heat wave. We show that the spring 2011 genetic constitution of the populations transiently shifted to summer-like frequencies, and that the magnitude of the genetic anomaly quantitatively matched the temperature anomaly. The results provide compelling evidence that direct effects of rising temperature are driving adaptive evolutionary shifts, and also suggest a strong genetic resilience in this species.
Introduction
Extreme climatic events are predicted to increase in frequency and intensity due to climate change [1] . Climatic extremes have long been considered as major triggers of evolution [2, 3] . We do not yet know, however, to what extent standing genetic variation responds to or eventually recovers from these acute environmental challenges, perhaps because of the swiftness and rarity of such large perturbations relative to the time frame of standard evolutionary genetic studies. Here, we take advantage of the long-term seasonal monitoring (starting in 1976) of chromosomal inversion polymorphisms in Drosophila subobscura [4] , and the fact that in April 2011, an extreme summer-like heat wave event struck Western Europe [5] right at the time when we resumed and extended the seasonal studies.
Drosophila subobscura is native to the Palaearctic region, where it is geographically widespread from North Africa to Scandinavia [6] . In the late 1970s and early 1980s, the species successfully invaded South and North America after accidental introduction in both continents [7] . It harbours a rich chromosomal inversion polymorphism on its five major acrocentric chromosomes, with most inversions showing worldwide parallel latitudinal clines as well as putative long-term trends attributed to global warming that are congruent with the geographical patterns [8, 9] . Strong seasonal variation for some inversions had been reported in one population (Mount Pedroso; 42853 0 7.5 00 N, 8834 0 10.04 00 W) in northwestern Spain [4] . The seasonal monitoring of inversion frequencies focused on one chromosome (chromosome O) sampled yearly in four seasons (spring, early summer, late summer and autumn). In agreement with the clinal patterns, 'warm-climate' inversions on this chromosome increased in frequency during summer and decreased during winter. This cycling pattern might hamper inferences from long-term records based on single-year data points [4, 10, 11] . Nevertheless, the generality of the seasonal cycles was questioned because the data were limited to one population and one chromosome [12, 13] .
To determine the genetic and geographical scope of the cyclic seasonal changes in the inversion frequencies of D. subobscura, we resumed the yearly seasonal population sampling in 2011. The study was extended (i) to all polymorphic inversions on the five acrocentric chromosomes in the original Mount Pedroso natural population, and (ii) to an additional Spanish population (Berbikiz; 43811 0 20.31 00 N, 385 0 23.74 00 W) located approximately 600 km east (far enough to rule out homogenizing effects of gene flow at the study time scale). Here, we report how the April 2011 heat wave affected the chromosomal inversion polymorphism of D. subobscura, and also the rapid recovery of inversion frequencies to their normal seasonal range.
Material and methods
The two Spanish locations were sampled over two years: 2011 and 2012. This study is a follow-up of a long-term seasonal monitoring at Mount Pedroso and covers the periods [1976] [1977] [1978] [1979] [1980] [1988] [1989] [1990] [1991] and the present. Berbikiz was sampled here for the first time. Flies were caught between mid-afternoon and twilight by net-sweeping over banana baits fermented with baker's yeast. Chromosome gene arrangements were determined by crossing wild males to virgin females from the ch-cu marker strain as previously described [4] .
Weather data were provided by the Spanish National Agency of Meteorology (AEMET) from two meteorological stations at each locality: Santiago de Compostela-EOAS (climate index (CI): 1475A; 240 m a.s.l; 1 km apart from the sampling site) and Lavacolla airport (CI: 1428; 370 m; 10 km) for Mount Pedroso; Gü eñ es (CI: 1078I; 208 m; 1 km) and Sondika airport (CI: 1082; 42 m; 17 km) for Berbikiz. We used the more comprehensive temperature data from the airport meteorological stations after correcting for average differences in temperature to better reflect the actual thermal environment at the sampling localities (Lavacolla is 18C colder than Santiago de Compostela-EOAS; Sondika is 1.58C warmer than Gü eñ es). (The correction was only applied in figure 2 ; namely, we added 18C to Mount Pedroso and subtracted 1.58C from Berbikiz.)
The heat wave began on 1 April, approximately three weeks before the collection dates in spring 2011 (see the electronic supplementary material, table S1). Maximum (T max ) and minimum (T min ) temperatures were within the average range on 22 April when flies were collected at Mount Pedroso. Therefore, we can rule out potential sampling effects related to flies' thermoregulatory behaviours [14] that could have biased upwards our estimate of some warm-climate gene arrangement frequencies.
Results and discussion
April 2011 was the warmest April on record across Spain and the UK [5] . To gauge the intensity of the heat wave, we estimated the 'normal' range of interannual variability in average surface air temperature during the 30 day period prior each sampling date (figure 1); normal temperatures were defined as those within three standard deviations (+ 3s) around the average for each sampling season [15] . Spring 2011 is the only data point that deviates from the normal thermal environment; the average D. subobscura fly should have experienced in the corresponding season: T max ¼ þ 5.7s (6.08C above the mean) and
The genetic response to the April 2011 heat wave was studied using a genome-wide index that combines the frequencies of warm-climate inversions on all chromosomes into a warm-climate inversion dose (see the electronic supplementary material for an alternative analysis using the genome-wide chromosome index as in Balanyà et al. [9] ). A remarkably consistent pattern between populations, between years and among seasons was observed ( figure 2a,b) . To obtain comparative data, we focused on the most common warm-climate chromosome gene arrangement O 3þ _ 4þ7 , which has an average annual frequency of 47.7 per cent at Mount Pedroso. Unlike other inversions on the same chromosome, this arrangement shows no detectable long-term trend in annual average frequencies (r 2 ¼ 0.002, p ¼ 0.905) underlying its pronounced seasonal cycling [4, 16] and can be used as a baseline for comparisons. The frequency of O 3þ _ 4þ7 in spring 2011 was the highest ever recorded in the population at that season, deviating þ 5.4s from the average spring frequency and basically the same deviation as that observed for the temperature anomaly in T max and T min at Mount Pedroso (see the electronic supplementary material for estimates of the high selection coefficients involved). Nevertheless, the inversion recovered its typical seasonal frequencies swiftly after the heat wave ( figure 2c) . This is the first study, to our knowledge, that provides unequivocal evidence that natural populations are genetically rsbl.royalsocietypublishing.org Biol Lett 9: 20130228 responding in situ to higher temperature alone [17] . Studies of long-term trends of chromosomal inversion polymorphisms tracking global warming [9, 18, 19] cannot rule out a progressive expanding of low latitude genotypes poleward [9, 20] . Furthermore, some reported evolutionary responses to climate change can be better explained as adaptive shifts in the timing of seasonal events rather than as a direct effect of increasing temperature [21] . A wide variety of temperate animals and plants use photoperiodic cues to time their seasonal activities [22] , but D. subobscura seems to be idiosyncratic in this regard because it combines a short generation time with an absence of strong photoperiodism [23] and an ecological generalism [24] . The marked seasonal cycling of its inversion polymorphism is not restricted to one chromosome but happens genome-wide at various localities, and the pattern of this cycling neatly matches the seasonal variation in ambient temperature ( figure 2a,b) . Moreover, there seem to be no time lag for evolutionary response to a heat wave in this population: thermal selection is apparent one generation after a heat wave event. Evolution of chromosome inversion polymorphisms in D. subobscura is fast and reversible, and the environmental cue is fluctuating temperature. However, we caution that our findings cannot be extrapolated to tropical species living in more constant thermal regimes as they seem to have far less genetic flexibility [25] than temperate D. subobscura.
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